Aim: To investigate the anticancer mechanism of a methoxyflavanone derivative, WJ9708012, highlighting its role on a crosstalk between endoplasmic reticulum (ER) and mitochondrial stress. Methods: Cell proliferation was examined using sulforhodamine B assay. Cell-cycle progression, Ca 2+ mobilization and mitochondrial membrane potential (∆Ψ m ) were detected using flow cytometric analysis. Protein expression was detected using Western blot. Results: WJ9708012 displayed an antiproliferative and apoptotic activity in human hormone-refractory prostate cancer cells with IC 50 values of 6.4 and 5.3 µmol/L in PC-3 and DU-145 cells. WJ9708012 induced a prompt increase of cytosolic Ca 2+ level and activation of protein kinase C (PKC)-α. The cleavage of µ-calpain was also induced by WJ9708012. Furthermore, WJ9708012 induced cell-cycle arrest at G 1 -phase associated with down-regulation of cyclin D1, cyclin E and cyclin-dependent kinase-4 expressions. It also caused a rapid and time-dependent decrease of phosphorylation level of mTOR (Ser 2448 ), 4E-BP1 (Thr 37 /Thr 46 /Thr 70 ) and p70S6K (Thr 389 ), indicating the inhibition of mTOR-mediated translational pathways. The ER stress was activated by the identification of up-regulated GADD153 and glucose-regulated protein-78 protein levels. The subsequent mitochondrial stress was also identified by the observation of a decreased Bcl-2 and Bcl-xL expressions, an increased truncated Bid and Bad and a loss of ∆Ψ m . Conclusion: WJ9708012 induces an increase of cytosolic Ca 2+ concentration and activation of PKC-α. Subsequently, a crosstalk between ER stress and mitochondrial insult is induced, leading to the inhibition of mTOR pathways and arrest of the cell-cycle at G 1 phase. The apoptosis is ultimately induced by a severe damage of mitochondrial function.
Introduction
Endoplasmic reticulum (ER) is the major organelle responsible for folding and maturation of transmembrane, secretory and ER-resident proteins. ER stress is originally an adaptive response that can be induced by various perturbations in normal ER function, including the accumulation of unfolded/ misfolded proteins, lipid or glycolipid imbalances, or changes of ER Ca 2+ homeostasis. ER stress triggers several signaling pathways to cope with the abnormal load in ER lumen. The unfolded protein response pathway causes an up-regulation of ER chaperones, such as GRP78 through C/EBP homologous transcription factor GADD153 and the ER overload response pathway induces the activation of nuclear factor κB (NF-κB), leading to production of cytokines [1, 2] . However, ER stress may also contribute to cell suicide when abnormalities become extensive. GADD153, NF-κB and caspase-12 have been implicated in the apoptotic regulation [1, 3] . Besides, ER stress can crossly react with mitochondrial stress, resulting in an increase of cytochrome c release and subsequent caspase-dependent apoptotic reaction [4, 5] . Recently, the ER stress caused by exogenously applied stimuli has been considered a potential strategy in anticancer approach [6, 7] . Intracellular Ca 2+ is an essential element in the control of cellular function and a lot of physical events. However, an overload of intracellular Ca 2+ may cause stresses on target organelles, leading to oxidative stress and massive activation of a lot of enzymes and an ultimate cell death. ER and mitochondria play crucial roles in the maintenance of intracellular Ca 2+ WJ9708012 exerts anticancer activity through PKC-α related crosstalk of mitochondrial and endoplasmic reticulum stresses in human hormone-refractory prostate cancer cells www.nature.com/aps Kuo TC et al Acta Pharmacologica Sinica npg homeostasis and, therefore, regulate cell death [8] [9] [10] . The evidence suggests that sufficient extracellular Ca 2+ influx causes Ca 2+ -activated ER stress, which contributes predominantly to apoptosis in many types of cells including prostate cancer cells [11, 12] . Notably, an increase of cytosolic Ca 2+ can also impair protein processing, promoting ER stress and inhibiting translation pathways [13, 14] that explain the down-regulation of cell-cycle regulators and arrest of the cell cycle by several anticancer agents [13, 15] . Ca 2+ also serves as an effector communicating between ER-and mitochondria-mediated signaling cascades. Bcl-2 has been revealed to be associated with the ER and outer mitochondrial membrane [10, 16] and plays a central role on negative regulation of Ca 2+ homeostasis since Bcl-2 overexpression is capable of reducing the Ca 2+ level released from the ER and diminishes cell apoptosis [17] . Bax and Bak, are two pro-apoptotic members of Bcl-2 family that impair mitochondrial function, also localize to the ER. Scorrano and colleagues provided evidence that both ER-released Ca 2+ and the presence of mitochondrial Bax or Bak were required to fully restore apoptosis by several apoptotic stimuli [18] . Altogether, these data support that Ca 2+ mobilization is a key regulator in the crosstalk between ER and mitochondria in propagating apoptotic signals.
Flavonoids are a family of polyphenolic phytochemicals including flavones and isoflavones. A large body of evidence shows that diet high in flavonoids is associated with the reduced incidence of some cancers [19] . Flavonoids are extensively studied to display anticancer activity through numerous signaling pathways [5, 20, 21] . Of note, most of the flavonoids exhibit antioxidant activities [22] . This activity has been implicated to reduce anticancer capability of flavonoids since reactive oxygen species (ROS) acts as important apoptotic mediators. It appears that ROS generation is important for stimulation of apoptotic cell death that is crucial protective effects in the body for killing cancer cells. This oxidative stress is also critical for effective cancer chemotherapy and radiation treatment [23, 24] . Furthermore, Salganik and colleagues reported that antioxidant-depleted diets, but not antioxidant-enriched diets, were capable of increasing ROS levels and dramatically increased apoptosis occurs within tumors [25] . To avoid the interruption of antioxidant effect, we synthesized methoxyflavanone derivatives and found that WJ9708012 [6-(3-Hydroxy-3-methylbutyl)-2'-(7-hydroxy-3,7-dimethyloctyl)-3',4',5,7-tetramethoxyflavanone] displayed effective anticancer activity without antioxidant effect in human hormone-refractory prostate cancer cells. The anticancer mechanisms of WJ9708012 were identified to be related to Ca 2+ and protein kinase C (PKC)-α involved interaction of ER and mitochondria stresses. This study provides evidence that flavonoids, in the absence of antioxidant effect, may have potential as a cancer therapy against human prostate cancers. Figure 1A ) was synthesized and provided by our colleagues (Dr Wei-jan HUANG). The purity is more than 95% by the examination using high-resolution MS and nuclear magnetic resonance.
Materials and methods

Materials
3-methylbutyl)-2'-(7- hydroxy-3,7-dimethyloctyl)-3',4',5,7-tetramethoxyflavanone] (
Cell lines and cell culture
The cancer cell lines including PC-3 and DU-145 were from American Type Culture Collection (Rockville, MD, USA). The cells were cultured in RPMI-1640 medium with 10% FBS (v/ v) and penicillin (100 units/mL)/streptomycin (100 µg/mL). Cultures were maintained in a humidified incubator at 37 o C in 5% CO 2 /95% air.
SRB assays
Cells were seeded in 96-well plates in medium with 5% FBS. After 24 h, cells were fixed with 10% trichloroacetic acid (TCA) to represent cell population at the time of compound addition (T 0 ). After additional incubation of DMSO or WJ9708012 for 48 h, cells were fixed with 10% TCA and SRB at 0.4% (w/v) in 1% acetic acid was added to stain cells. Unbound SRB was washed out by 1% acetic acid and SRB bound cells were solubilized with 10 mmol/L Trizma base. The absorbance was read at a wavelength of 515 nm. Using the following absorbance measurements, such as time zero (T 0 ), control growth (C), and cell growth in the presence of the compound (Tx), the percentage growth was calculated at each of the compound concentrations levels. Percentage growth inhibition was calculated as: 100-[(Tx-T 0 )/(C-T 0 )]×100. Growth inhibition of 50% (IC 50 ) is determined at the compound concentration which results in 50% reduction of total protein increase in control cells during the compound incubation. 488 nm; emission, 520 nm) but not PI (excitation, 540 nm; emission, 630 nm) were termed annexin V-positive (early apoptosis) and the cells permeant to PI (regardless of FITC-annexin V binding) were deemed necrosis or late apoptosis [26] .
In situ labeling of apoptotic cells
In situ detection of apoptotic cells was performed using TUNEL (terminal dUTP nick-end labeling) apoptosis detection methods. The TUNEL method identifies apoptotic cells using TdT to transfer biotin-dUTP to the free 3'-OH of cleaved DNA. 
Western blotting
After the treatment, cells were harvested with trypsinization, centrifuged and lysed in 0.1 mL of lysis buffer containing 10 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EGTA, 1% Triton X-100, 1 mmol/L PMSF, 10 µg/mL leupeptin, 10 µg/mL aprotinin, 50 mmol/L NaF and 100 µmol/L sodium orthovanadate. In some experiments, the mitochondrial/cytosol fractionation kit (Biovision, Mountain View, CA, USA) was used to separate mitochondrial and cytosolic fraction. Total protein was quantified, mixed with sample buffer and boiled at 90 o C for 5 min. Equal amount of protein (30 µg) was separated by electrophoresis in 8% or 12% SDS-PAGE, transferred to PVDF membranes and detected with specific antibodies. The immunoreactive proteins after incubation with appropriately labeled secondary antibody were detected with an enhanced chemiluminescence detection kit (Amersham, Buckinghamshire, UK).
Measurement of intracellular Ca
2+ level Cells were pre-incubated with fluo 3-AM (5 μmol/L) for 30 min. Then, the cells were washed twice and incubated in fresh medium. Vehicle (0.1% DMSO) or WJ9708012 was added to the cells for the indicated times and the intracellular Ca 
Data analysis
The compound was dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO was 0.1% in cell culture media. Data are presented as the mean±SEM for the indicated number of separate experiments. Statistical analysis of data was performed with one-way analysis of variance (ANOVA) followed by a t-test and P-values less than 0.05 were considered significant.
Results
Anti-proliferative and apoptosis-inducing activities in prostate cancer cells The antiproliferative effect of WJ9708012 was examined in human hormone-refractory prostate cancer PC-3 and DU-145 cell lines by SRB assay. WJ9708012 inhibited cell proliferation in a concentration-dependent manner with IC 50 values of 6.4 and 5.3 µmol/L in PC-3 and DU-145 cells, respectively ( Figure  1B) . WJ9708012 also induced a time-dependent apoptotic cell death by the detection of positive annexin V-staining and TUNEL-positive cells ( Figures 1C and 1D) . Besides, the flow cytofluorometric analysis of cell cycle by PI staining showed that WJ9708012 induced an increase of cell population at G 1 phase and a time-dependent apoptosis in PC-3 cells. The data Effect of WJ9708012 on Ca 2+ mobilization and PKC-α activity The Ca 2+ mobilization was examined in the present work. The data in Figure 3A demonstrated that WJ9708012 triggered a significant increase of Ca 2+ influx in extracellular Ca
2+
-containing medium other than Ca 2+ -free solution. In a parallel experiment, the Ca 2+ -free solution supplemented with EGTA significantly inhibited WJ9708012-induced loss of ∆Ψ m , indicating that the influx of extracellular Ca 2+ served as an upstream initiator to cause cellular stresses ( Figure 3B ). Furthermore, several pharmacological inhibitors were used to study the related target proteins. As a result, W7 (a membrane-permeable calmodulin inhibitor), Ro-318220 and Go-6983 (PKC inhibitors) significantly reduced WJ9708012-induced apoptotic effect ( Figure 3C ). Since PKC-α is the only conventional (Ca 2+ -dependent) PKC isoform detected in PC-3 cells [27] , the effect of WJ9708012 on PKC-α translocation was identified. The immunofluorescence microscopic examination showed that PKC-α translocated to plasma membrane after the exposure of cells to WJ9708012. The data were confirmed by Western blot that detected the plasma membrane fraction and demonstrated a time-dependent increase of PKC-α protein expression ( Figure  3D ). The data suggest that WJ9708012 induces the activation of PKC-α in PC-3 cells.
Effect of WJ9708012 on several cellular stresses Numerous lines of evidence suggest that Ca
2+ plays a central role not only on the induction of ER stress and mitochondrial insult but also on the communication of these two events [8, [10] [11] [12] 16] . Accordingly, several cellular stresses were determined in this study. The data demonstrated that WJ9708012 induced an early and sustained ER stress by the identification of up-regulated GADD153 and GRP78 protein (Figure 4 ). The mitochondrial stress was also induced by the alteration of mitochondria-related signals, including the down-regulation of Bcl-2 and Bcl-xL expressions and the degradation of Bid and Bad associated with the formation of their truncated active fragments (tBid and tBad), two more potent inducers of apoptosis than the wild-type proteins [28, 29] ( Figure  4 ). As expected, the activation of caspase-3 and caspase-7, and the cleavage of downstream effector PARP were induced by WJ9708012 (Figure 4 ).
Effect of WJ9708012 on mitochondrial stress
Excessive generation of ROS renders a cell oxidatively stressed and impairs membrane proteins, leading to mitochondrial dysfunction and apoptotic cell death. A lot of flavonoids have been reported to exhibit antioxidant activities [22] , which reduce apoptotic capability of these compounds. WJ9708012 did not show antioxidant effect. Instead, it induced a moderate but significant increase of ROS production ( Figure 5A ), an effect prior to a loss of ∆Ψ m ( Figure 5B ). Cytochrome c, AIF and endonuclease G are three pro-apoptotic proteins and are frequently found in the cytosol after apoptotic induction. In this study, WJ9708012 induced a dramatic increase of cytosolic level of cytochrome c and AIF ( Figure 5C ) in the time comparable to the impact on Bcl-2 family proteins (Figure 4) . Additionally, we examined if WJ9708012 played a role on calpain activity. As a result, the cleavage of µ-calpain other than m-calpain was induced by WJ9708012 ( Figure 5D ).
Effect of WJ9708012 on the expression of cell-cycle regulators and mTOR pathway signals
The cell-cycle progression is regulated by periodic activation of various Cdk/cyclin complexes. Accordingly, several cyclins and Cdks that regulate G 1 phase of the cell cycle were examined. The data demonstrated that the protein expressions of cyclin D1, cyclin E and Cdk4 were down-regulated by WJ9708012 ( Figure 6 ) that correlated with the cell-cycle arrest at G 1 phase. The data also showed a rapid down-regulation of cyclin D1 expression reflecting a short half-life of this protein ( Figure 6 ). To examine if translational signaling pathways were affected by WJ9708012-induced stress, we detected several related protein expressions and the phosphorylation state, including mTOR, 4E-BP1 and p70S6K. mTOR, a serine/threonine kinase, is a key regulator of protein translation/synthesis. ) and p70S6K (Thr 389 ), suggesting the inhibition of mTOR-mediated translational pathways ( Figure 6 ).
Discussion
The signaling pathways that control cell proliferation have been extensively studied in recent decades. Cell cycle progression is delicately controlled in cells responsive to diverse mitogenic signals, which stimulate sequential signaling cascades and regulate various cell cycle proteins through transcriptional control, posttranslational modifications and protein degradation. Cells are prone to arrest of the cell cycle in response to a variety of cellular stresses, including radiation, chemicals, oxidants and metabolite signals. This study showed that WJ9708012, a methoxyflavanone derivative, posed a cellular stress, leading to an arrest of the cell cycle at G 1 phase and a subsequent apoptosis in prostate cancer cells. The impact on several G 1 -phase regulatory proteins was observed during the stress response, such as the down-regulation of cyclin D1, cyclin E and Cdk4. The data provided evidence that WJ9708012 reduced the protein levels of these regulators through an inhibition of mTOR-mediated translational pathways. Of note, cyclin D1 was the most susceptible protein to this inhibitory activity. It can be explained by the impairment of cyclin D1 stability since it has been suggested that a constitutive activation of phosphatidyl inositol 3-kinase/ Akt that keeps glycogen synthase kinase (GSK)-3β inhibited increases cyclin D1 stability. Rapamycin, an mTOR inhibitor, blocks the inhibitory action on (GSK)-3β, leading to a nuclear export of cyclin D1 and a decrease of cyclin D1 stability [30] . Ca 2+ is a double-edged sword in physiological control of cellular function as well as an inducer of cell death. Calcium has been implicated in propagating apoptotic signaling cascades in many types of cancer cells including prostate cancers [31] . However, a massive and acute influx of Ca 2+ may cause cell necrosis without programmed death mechanism that is not an appropriate anticancer strategy. Classical PKC isoforms, including PKC-α, -β I , -β II , and -γ, are Ca 2+ -dependent and are activated by diacylglycerol and phorbol esters through the cysteine-rich C1 domains [32] . Classical PKC isoforms are also well-known downstream effectors of Ca 2+ in signaling cell proliferation, differentiation and apoptosis. PKC-α is the predominant isoform in many types of cancer cells [33] . Depending on the tumor type and different treatment, contradictory results have been described in PKC-α-mediated cell survival and apoptosis. For example, PKC-α knockout mice have been demonstrated to increase the tendency of developing [34] . In contrast, Varga and the colleagues provided the data showing that the expression of PKC-α gradually increased with increasing tumor grades [35] .
The data in this study showed that WJ9708012 induced an increase of intracellular Ca 2+ level through extracellular origin. The increased Ca 2+ subsequently induced cell apoptosis through a PKC-α-dependent pathway. Our data also showed the induction of ER stress to WJ9708012. Recent studies reveal that PKC is involved in the induction of GRP78 [36] , a major ER chaperone and a crucial regulator of ER homeostasis. Furthermore, PKC-α has been reported to mediate growth arrest in human embryonal rhabdomyosarcoma cells by inducing an activation of c-Jun N-terminal protein kinases (JNKs), p38 kinase and extracellular signal-regulated kinases (ERKs) [37] , which are involved in the induction of ER stress [36, 38] . These reports support the present study that WJ9708012 activates PKC-α which in turn, directly or indirectly, induces ER stress in PC-3 cells.
Permeabilization of the outer mitochondrial membrane and release of pro-apoptotic proteins are the most extensively characterized pathways to cell apoptosis and make the mitochondria an attractive target for cancer chemotherapy [39] . Recently, a crosstalk between ER and mitochondria that reinforces the efficacy and efficiency of anticancer agents has been widely addressed [8] . Several pathways have been suggested to connect the interaction between ER and mitochondria. The electron tomographic examination shows that the ER network forms close or direct contacts with the mitochondria [8, 40, 41] . Several studies also reveal that ER may communicate with mitochondria via mitochondria-associated membranes [41] . In addition to direct network connection, a large body of evidence points to the Ca 2+ as a central player that is released from the ER store and, in turn, causes a load in mitochondria, leading to necessary biochemical activities. However, an overload of mitochondrial Ca 2+ induces the release of apoptotic proteins from the mitochondria, including cytochrome c, AIF and endonuclease G. Cytochrome c is a central co-factor in intrinsic apoptotic pathways. AIF and endonuclease G are also responsible for the nuclear DNA fragmentation upon numerous apoptotic stimuli [8, 29, 39] . In this study, WJ9708012 induced an increase of intracellular Ca 2+ and ER stress, leading to the down-regulation of Bcl-2 and Bcl-xL expressions and a dramatic increase of cytosolic level of cytochrome c and AIF. The data reveal a crosstalk between ER and mitochondria in communicating WJ9708012-mediated apoptotic signaling pathways.
Calpains are consisted of a class of intracellular cysteine proteases that are activated by Ca 2+ [42] . µ-Calpain (calpain-I) and m-calpain (calpain-II) are two major forms that are activated by micromolar and millimolar concentrations of Ca 2+ , respectively. Several Bcl-2 family members, such as Bcl-2, Bid, and Bcl-xL, are reported to be processed by calpain [43] . Furthermore, calpain-mediated cleavage of Bid to an active fragment has been implicated in mitochondrial permeabilization www.chinaphar.com Kuo TC et al Acta Pharmacologica Sinica npg and cell death [44] . Recently, Polster and the colleagues used isolated mitochondria model and demonstrated that µ-calpain induced the cleavage and release of AIF [29] . In this study, WJ9708012 also induced the cleavage and release of AIF. The effect may be explained by the activation of µ-calpain.
Taken together, the data suggest that WJ9708012 induces an increase of cytosolic Ca 2+ concentration and the activation of PKC-α in PC-3 cells. Subsequently, a crosstalk between ER stress and mitochondrial insult is induced, leading to the inhibition of mTOR translational pathways and arrest of the cell cycle at G 1 phase. Moreover, the summation of WJ9708012-mediated stress results in the down-regulation of Bcl-2 and Bcl-xL protein expressions and an increased release of cytochrome c and AIF, leading to apoptotic cell death. The data also demonstrate that WJ9708012 is an effective methoxyflavanone worth further investigation and development.
